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Abstract 
Tensile strengths of up to 1.5 GPa and fracture elongation of 8% in press-hardening steel (PHS) 
opened up a great opportunity to improve the crash performance of vehicles. However, due to the increased 
susceptibility to welding defects and undesired transformation as a result of coating mixing into the weld pool, 
laser welding of PHS is still challenging. Hence, the present study focuses on the effect of Galvanneal (GA)-
coating weight on the microstructure and mechanical performance of fiber laser welded PHS. It was observed 
that GA-coating weight considerably affects the laser welding process window as well as weld geometry. Weld 
penetration decreased and concavity increased with increasing coating weight, which is attributed to intensified 
Zn-plasma and laser interaction at higher coating weights. Moreover, a model has been developed to interpret 
the correlation between the GA-coating weight of the PHS and the penetration depth based on the heat input 
per unit thickness of the sheet. The size of fusion zone and heat affected zone decreased slightly with 
increasing coating weight due to lower energy absorption by the material. Furthermore, GA-coating weight did 
not affect the tensile strength of all welded joints as the failure happened in the base metal. 
Keywords: Fiber laser welding; Press-hardening steel; Galvanneal coating; Tensile strength; 
Microhardness. 
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In the last decade, a significant research effort has been devoted to produce lightweight 
structural car components without sacrificing crashworthiness to achieve a reduction in the fuel 
consumption and greenhouse gas emissions (CO2, CO, NOx). Hence, the automotive/steel-
making industries are developing advanced high strength and ultra-high strength steel grades as 
well as novel manufacturing processes to address these vital demands [1–3]. Of particular 
interest is press-hardening steel (PHS) due to several technological advantages: Extremely high 
strength, good formability due to reduced flow stress during elevated temperature processing, 
minimum spring-back effect, and high dimensional accuracy [4,5]. Therefore, PHS has potential 
applications for several chassis components such as A-pillars, B-pillars, bumpers, roof rails, 
rocker rails, and tunnels.  
It has been reported that during processing (austenitization/transferring stages), excessive 
oxidation and decarburization occurs [6–8]. Hence, various protective coating such as Al-Si, Zn-
based, or Zn-Ni alloys has been developed and applied to protect the steel substrate against 
decarburization and scale formation [9–11]. Particularly, the aluminized and the Zn-based 
coating types attracted more attention [11]. It is well accepted that a 20–30 µm-thick aluminized 
coating of an Al-Si alloy with near-eutectic composition (7–11 wt% Si) has an excellent 
resistance to corrosion and elevated temperature scale formation [12]. Alternatively, Zn-based 
coatings fall into two main types: galvanized (GI) and galvanneal (GA). The GI-coating consists 
of a layer of elemental Zn on the surface of the steel; however, the GA type has a significant 
amount of Fe as a result of Fe-Zn inter-diffusion due to the post-dip annealing stage at 














The successful implementation of these steel and coating systems depend on their ability 
to be welded during manufacturing. Laser welded blanks (LWBs), in particular, have become 
commonplace in automotive manufacturing, enabling design engineers to use ultra-high strength 
materials in critical locations without sacrificing the overall flexibility and the dimensional 
accuracy [13]. LWBs are made from two or more similar and dissimilar sheets with different 
thicknesses which are formed into automotive parts. Recently, fiber laser welding (FLW) has 
gained popularity due to its small beam diameter, lower thermal distortion and residual stresses, 
high welding speed, and reduced manufacturing costs [14–16]. In past decades, extensive studies 
have been carried out on laser beam welding of AHSS including ultra-high strength steels such 
as PHS [17–20]. Recent studies have shown laser welding of Al-Si coated PHS pose a significant 
challenge. It was reported that the FLW of Al-Si-coated PHS lead to substantial Al mixing in the 
FZ resulting into the formation of a continuous structure of δ-ferrite through shrinking the single-
phase austenite region (as Al is a strong ferrite stabilizer) [17,21]. This has a large effect on the 
tensile behavior of the joint and results in a drastic reduction in ductility after hot-stamping the 
joint. For example, Kim et al. [19] reported that FLW of Al-Si coated hot-stamping steel in lap 
configuration resulted in the formation of Fe-Al intermetallic compounds along the fusion line, 
resulting in the failure along the fusion boundary during the tensile shear test. Lee et al. [19] also 
studied the Nd: YAG laser lap joining behavior of Al-coated carbon steel and observed the 
deleterious effect of brittle intermetallic compounds on the strength of the joint. 
Zn-based coatings due to their durability, cost-effectiveness and strong corrosion 
resistance are considered as the main protective coatings on a wide range of automotive-
compatible steels [22–24]. Therefore, Zn-based coatings are considered as a viable alternative for 














to Akhter et al. [29], Zn-coating affects laser stability during welding as a result of the well-
known explosive vaporization of Zn. However, a limited research work dedicated to the effects 
of Zn-coating on laser welding of PHS in the present literature. Hence, as a starting point to 
investigate the effect of Zn-coatings on laser weldability of PHS, the present study focuses on 
characteristics and properties of FLW joints of GA-coated PHS sheets and analyzes effects of 
coating weight within the manufacturer's specification on the laser welding process. 
 
2. Material and Experimental Procedure 
In the present study, 2 mm-thick sheets of 22MnB5 steel holding three different 
thicknesses of GA-coatings were used. A summary of the major alloying elements and 
mechanical properties of the provided base material (BM) and detailed coating specification are 
given in Table 1 and 2, respectively. The yield strength (YS), the ultimate tensile strength 
(UTS) and total elongation (El) of the experimental material were 415 MPa, 590 MPa, and 14%, 
respectively. The provided steel sheets were mechanically sheared into 100 mm×200 mm 
coupons. The edges of the workpieces were milled and then clamped properly utilizing a 
designed system of fixtures to maintain alignment as well as to minimize distortion during the 
welding process. Accordingly, 200 mm×200 mm TWBs were produced in the butt-joint 
configuration using an IPG Photonics Ytterbium (YLS-6000-S2) fiber laser system equipped 
with a Panasonic robotic arm. The fiber core diameter, the spot size, and the beam focal length 
were 0.3, 0.6 and 200mm, respectively. The welding trials were performed perpendicular to the 
rolling direction, holding a head angle of 25° where no shielding gas was used during the 














simultaneously providing a protection for the laser system optics. Laser welding trials were 
carried out under a range of 3 to 6 kW welding power at increments of 1 kW and 8 to 22 m/min 
of welding speed with an increment of 4 m/min. 
In order to investigate the microstructural evolution, through-thickness cross-sections 
were cut from the welded material. The conventional preparation procedure including mounting, 
grinding, polishing to 1µm and etching was followed. The etched samples were observed across 
the welded region, by means of optical and Zeiss Leo 1530 field emission scanning electron 
microscopy (FESEM), equipped with energy dispersive X-ray spectroscopy (EDS). The coating 
was characterized in detail by means of electron probe micro analysis (EPMA) and X-Ray 
diffraction (XRD). Vickers microhardness profiles across the welded region were obtained 
using a load of 300 g and a dwell time of 15 s. All the reported values were an average of three 
series of values recorded. In addition, the indentations were applied sufficiently far from each 
other to avoid any undesired interference from the localized strain hardening from the adjacent 
ones. 
Sub-sized tensile specimens were machined from the provided TWBs according to 
ASTM: E8/E8M. The welded samples were machined perpendicular to the welding direction, 
where, the laser weld line located at the center of the gauge length. Fig. 1 represents the 
geometry of the tensile coupons used in the present study. Furthermore, the gauge area of the 
provided test specimens was ground by means of sandpapers up to 1200 grit. Tensile trials were 
carried out utilizing a fully-computerized universal testing machine at ambient temperature and 
strain rate of 1×10−3 s−1 until their rupture.  At each tensile condition, at least three samples 
















3. Results and discussion 
3.1. As-received base material and coating characteristics 
The steel substrate contained a ferrite matrix (average grain size of about 10µm) 
decorated with dispersed colonies of pearlite structure as shown in Fig. 2(a). Fig. 2(b-d) shows 
the cross-section SEM image and corresponding EPMA elemental distribution and phase 
mapping of the GA-coating on the steel substrate. By means of EPMA elemental distribution 
and phase map (based on the both Fe-Zn intermetallic phases’ Zn content ranges and BSE-SEM 
image processing), two main layers inside the coating can be distinguished. As proven by XRD 
analysis (Fig. 2(e)), the coating mainly consisted of Γ-Fe3Zn10, Γ1- Fe5Zn21 and δ-FeZn10 
phases. Therefore, based on the XRD and EPMA elemental/phase map results in Fig. 2(d), Γ/ 
Γ1 and δ phase can be assigned to green (~1-2µm in thickness) and red (~7µm in thickness) 
regions, respectively. The presence of Γ/Γ1 and δ phases in the coating is in agreement with 
previous research works, where the (Γ/Γ1) and δ layers possess about 75 and 90 wt% of Zn, 
respectively [30]. 
3.2. Microstructure of the weld 
Fig. 3 shows overall microstructure showing various zones (BM, Inter-Critical heat 
affected zone (ICHAZ), Upper-Critical heat affected zone (UCHAZ), and Fusion Zone (FZ) for 
sample welded at the power of 4 kW and a welding speed of 8 m/min of with a coating weight of 
140 g/m2. Coating condition did not affect the welded microstructure, as the different regions 
appeared similar in various coating conditions. According to Fig. 3(a), and as noted previously, 














consisted of ferrite grains, pearlite, and martensite (Fig. 3(b) and (c)), whereas the peak 
temperature during the heating cycle of the welding process in this region reached as high as 
temperatures between the Ac1 and Ac3 of the experimental steel, where ferrite and austenite 
coexists. As observed in Fig. 3(d), within the ICHAZ, martensite mainly formed on the grain 
boundaries of ferrite as well as at interface of pearlite colonies and ferrite. This was mainly 
attributed to the fact that during the heating cycle of the welding process, austenite nucleated on 
the ferrite grain boundaries i.e. incomplete austenitization started from the grain boundaries. 
According to Saha et al. [31], the cooling rate in the heat affected zone (HAZ) of the fiber laser 
welded samples could be approximated using the Rosenthal Eq. [32]. In this regard, the cooling 
rate (CR) would exceed the 104 °C/s. It is well-reported by various authors, the critical CR for 
the experimental steel to achieve a full martensitic transformation from austenite is around 27 
°C/s [5]. Moreover, within the UCHAZ (Fig. 3(e)), the peak temperature exceeds the critical Ac3 
temperature and as a net consequence, austenitic structure fully transforms into martensite. It 
should be noted that with respect to increasing peak temperature with decreasing the distance to 
the weld centerline, the martensite volume fraction increases. As pointed out, this is attributed to 
increasing volume fraction of austenite from Ac1 to Ac3 in the ICHAZ. Since, the CR is well 
higher than the critical rate within the HAZ, it is expected that all the emerged austenite 
retransform into martensite. As seen in Fig. 3(a), (f) and (g), a typical full martensitic 
microstructure was attained in the FZ. As reported by past works [33,34], two different kinds of 
lath martensite would develop during rapid martensitic transformation. Fig. 3(f) shows the 
presence of the coarse lathes (red arrows) as well as finer lathes. There is a slight difference in 
the appearance of coarse and fine lathes in the FZ, where coarser lathes possess relatively 














where the temperature is relatively high below Ms temperature. Therefore, these coarse lathes are 
more prone to be auto-tempered compared to those of finer counterparts (Fig. 3(g)) formed at a 
later stage [33].  
In order to investigate whether the GA coating influenced the weld pool, EDX analysis 
was done within the FZ. EDX analysis detected the presence of Zn with an average of 0.68 wt% 
within the indicated location of the FZ (Fig. 4). A significant Al-coating mixing into the weld 
pool and presence of ~2.5wt% Al in ferrite phase has been reported previously by Saha et al. 
[21] in the course of FLW of PHS. As is delineated by Saha et al. [17,21], one may expect a 
severe coating mixing into the FZ based on the well-established keyhole formation concept in 
terms of FLW. However, due to the much lower boiling point of Zn-based coating, Zn mainly 
evaporates during the process. That justifies very low content of Zn in the FZ.  
 
3.3. Effect of the coating weight on welding behavior 
In order to investigate the effects of the various coating weight on FLW parameter 
window, bead-on-plate (BoP) welds were made using the aforementioned welding parameters.  
Accordingly, Fig. 5 represents the process map in various coating conditions, using the 
GM4485M acceptance criteria [35] of concavity, convexity and penetration depth (d) in a wide 
range of welding power and speed combinations. According to GM4485M, in a full-penetrated 
weld, convexity lower than 10% of sheet thickness (t) and concavity lower than 20% of t falls 
within the acceptable joint. On this basis, two boundaries of the convexity over the acceptance 
limit of 10% of original thickness as well as full penetration holding acceptable concavity on top 
were defined. It was observed that with increasing coating weight, the region of acceptable joint 














weight (100 g/m2), the process window is wider, the convexity over the acceptance which 
(appeared as a darker area) is relatively larger than higher coating weight (140 g/m2) which 
reduces the overall acceptable region. Furthermore, increasing the coating weight from 100 to 
140g/m2, the overall acceptable region would shift toward higher welding power and lower 
welding speed. Moreover, it has been observed that size of the welding window slightly reduces 
with increasing the coating weight. The observed behavior could be attributed to plasma 
formation during laser welding of Zn-coated material. The boiling temperature of Zn is around 
900°C, which is much lower than Fe. In addition, it was shown that vapor pressure of Zn is 
extensively higher than Fe. As reported by Chen et al. [36] the interaction between the laser and 
plasma is substantially affected by the Zn plasma. Therefore, one may expect that higher coating 
weight by intensifying ionized plasma negatively affect energy deliverance and subsequently 
reduces the penetration. In fact, at elevated temperatures, a higher electron density of Zn (two 
orders of magnitude greater than Fe) causes energy dissipation by plasma-beam interference 
[36]. This explains the growth of incomplete penetration zone and shrinkage of the over-
convexity zone (Fig. 5(b) and (c)). As is well-established, the over convexity would occur as a 
result of excess heat input in terms of laser welding [37]. To shed light on the correlation 
between the penetration depth (d) and welding parameters, heat input per unit thickness 
(thickness-normalized heat input [38]) of the material was calculated based on the experimental 
results and relationship with penetration depth was established, as shown in Fig. 6. According to 
the Fig. 6, a model was developed to interpret the aforementioned correlation. This overall model 
could be used to estimate the penetration depth in various welding power/speed combinations at 
the various GA-coating weight (Eq. (1)): 














where d corresponds to the penetration depth (mm) and H is heat input per unit thickness 
(J/mm2) and C is the coating weight (g/m2). Based on the proposed model, one may predict the 
penetration depth in each GA-coating condition of the experimental material. The observed 
behavior is consistent with the previous work conducted on laser beam welding of steels [39]. 
3.4. Mechanical Properties 
3.4.1 Microhardness 
The microhardness profiles for different coating weight are compared in Fig. 7. It was 
observed that at the identical combination of welding power and speed, the width of the HAZ 
and the FZ is slightly dependent on the coating weight. As seen, with increasing the coating 
weight, the width of the HAZ, FZ, and consequently the overall weld width decreased slightly. 
This may be ascribed to the higher heat input delivered to the material with decreasing coating 
weight, which agrees with the earlier observation on the welding window. Moreover, in all 
coating conditions, the HAZ reveals the hardness magnitudes between the BM and the FZ, in 
agreement with the microstructural observations (Fig. 3 (b-d)). This could be attributed to the 
incremental volume fraction of the martensite with decreasing the distance from the weld 
centerline. As pointed out, increased martensite fraction was attributed to the retransformation of 
austenite within ICHAZ and UCHAZ into martensite in the course of cooling cycle.  Despite the 
reported literature on the laser beam welding of AHSSs, the softening in the sub-critical HAZ 
(SCHAZ) of the experimental material is not expected. Various AHSSs show decomposition of 
the martensite in the BM to the partially tempered martensite (PTM) within the SCHAZ; 
however, due to the absence of the martensite in the as-received condition of the experimental 














3.4.2 Tensile behavior and failure analysis 
Fig. 8 (a) shows the engineering stress vs. strain curves of the BM (with a coating 
weight of 140 g/m2) and the provided joints at different coating conditions. The yield strength 
(YS), the ultimate tensile strength (UTS) and elongation to fracture (El) of the BM in different 
coating conditions were observed to be close together, and therefore the condition of 140 g/m2 
selected as the representative of mechanical properties of the BM. Significant necking was 
observed before failure in the BM area of the welded samples, which indicated strain 
localization was absent in the weld region. In other words, it was confirmed that concavity 
within the acceptance limit may not impose any detrimental effect on tensile behavior and joint 
efficiency is close to 100% According to Fig. 8 (b), no direct correlation between different 
coating conditions and YS, UTS and elongation to fracture levels was observed for welded 
samples i.e. the weld material is resistant to the various concavity levels irrespective of coating 
conditions. This was mainly attributed to the failure location in the BM, regardless of the 
coating condition. Therefore, one may not expect different tensile behavior at various coating 
weight. Fig. 7 (c) and (d) reveal the representative SEM micrographs of the fracture surface of 
the tensile specimens which showed typical ductile dimple morphology. The fracture surface 
characteristics were essentially analogous to various coating conditions holding an almost 
similar dimple sizes, where central fracture area revealed equiaxed dimples. In contrast, the 
fracture surface near the edge area (Fig. 7 (d)) demonstrated a shear fracture mode in addition to 
the typical ductile dimple morphology, which in turn confirms the incidence of shearing as well 

















Considering the effect of various GA-coating weight, the microstructure evolution and 
the mechanical response of fiber laser-welded press-hardening steel were investigated. The major 
findings of the present study are summarized as below: 
 
(a) The microstructure of the FZ consisted of a typical lath martensitic structure with a 
combination of coarse and fine lathes due to the extreme high rate of cooling resulted in a 
significant increase in the hardness. Moreover, EDX analysis confirmed a slight mixing 
of the GA-coating into the weld pool. 
(b) The welding window is dependent on the GA-coating weight, where by increasing 
coating weight, the welding window tends to be narrower and shifted toward higher laser 
power and lower welding speeds. This was mainly attributed to laser-Zn plasma 
interaction at higher coating weights resulting in higher energy dissipation. Accordingly, 
a model has been established to interpret the correlation between the heat input per unit 
thickness (combination of any welding power/speed) and penetration depth including a 
coating weight coefficient. 
(c) The ultimate tensile strength (UTS) and elongation to fracture (El) remained almost 
unchanged after laser welding, showing a joint efficiency of 100%. A significant necking 
occurred before failure, which, in turn, suggests that the weld material is resistant to the 
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Fig. 1. Schematic illustrations of the tensile test specimen machined from the FLW workpiece. 
Fig. 2. (a) Representative microstructure of the as-received material, cross-sectional (b) SEM 
micrograph, (c) EPMA Zn distribution map, (d) phase map and (e) XRD phase identification of 
the Zn-coating (P: pearlite, F: ferrite). 
Fig. 3. The microstructure of the weld material welded at 4kW and 8 m/min with coating weight 
of 140 g/m2: (a) overall view, (b) HAZ, (c) ICHAZ at low and (d) high magnifications, (e) 
UCHAZ (f) FZ, and (g) coarse-lath martensitic structure (where M; martensite, P: pearlite, F: 
ferrite).  
Fig. 4. Micrograph showing the location of EDS within the FZ. 
Fig. 5. Process map of the welding window at coating weight of (a) 100 g/m2, (b) 120 g/m2, and 
(c) 140 g/m2. 
Fig. 6. The correlation between the heat input per unit thickness and penetration depth of FLW. 
Fig. 7. A comparison of hardness profile of weld material made at 100, 120, and 140g/m2 (at 
constant power of 4kW and welding speed of 8 m/min) 
Fig. 8. (a) Engineering stress-strain curves of as-received and the weld material, (b) Yield 
Strength (YS), Ultimate Tensile Strength (UTS) and Elongation of as-received and weld 
material, (c and d) SEM micrographs of the tensile fracture surface of the weld material. 
 
Table captions 
Table 1. The chemical composition (wt%) of the experimental press-hardened steel 
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Table 2. Weight and chemical composition of various GA-coatings used in the present study 
 
Coating Weight (g/m2) Chem. Comp. (wt%) 
 Top Bottom Tot. Fe Al Zn 
100 g/m2 49.7 50 99.7 12.7 0.28 Bal. 
120 g/m2 59.1 60.2 119.3 12.1 0.27 Bal. 

































 The laser-Zn plasma interaction results in higher energy dissipation and substantial 
dependence of the welding window on the GA-coating weight. 
 A model has been established to interpret the correlation between heat input and 
penetration depth including a coating weight coefficient. 
 EDX analysis confirmed a slight mixing of the GA-coating into the weld pool. 
 A significant necking occurred before failure, suggesting that the joint is resistant to 
various concavity levels in different coating conditions. 
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